It is known that high n ϩ doping in the cap layers of heterojunction bipolar transistor structures induces anomalous Zn diffusion in the base region during metalorganic vapor phase epitaxial growth. This phenomenon has been explained in terms of nonequilibrium group III interstitials generated in the n ϩ cap layer, which create highly diffusive Zn interstitials via the kick-out mechanism. In this article, we show that low-temperature growth ͑550°C͒ is effective in alleviating the influence of the n ϩ cap layer. Due to a large time constant for the recovery of thermal point-defect equilibrium, the last-to-grow n ϩ cap layer cannot inject the excessive group III interstitials into the base region within a growth sequence. Under the low-temperature growth, however, the first-to-grow n ϩ subcollector produces group III interstitials during the whole growth sequence and thereby causes anomalous Zn diffusion. To prevent this effect, we propose interrupting the growth for a long time period ͑30 min͒ before growing the base layer, and growing the n ϩ subcollector at a higher temperature ͑600°C͒. These growth techniques are shown to be effective in purging the subcollector of the undesirable group III interstitials before base-layer formation.
I. INTRODUCTION
To date, various authors [1] [2] [3] have reported anomalous redistribution of the base-dopant Zn during metalorganic vapor phase epitaxy ͑MOVPE͒ of GaAs-and InGaAs-based npn heterojunction bipolar transistor ͑HBT͒ structures. That is, the Zn diffusivity is strongly affected by the presence of a highly n-type doped emitter-cap layer which is separated from the Zn-doped base by a more-than-100-nm-thick emitter. While very little movement of the Zn dopant is observed when the emitter-cap layer is undoped, Zn diffusion is dramatically increased when a highly n ϩ doped layer is employed. Although Zn is the most common p-type dopant for GaAs and InGaAs grown by MOVPE, this problem prohibits the use of Zn for growth of HBT and HBT-like structures.
Deppe 4 has explained enhanced Zn diffusion using the following thermodynamical model. It is known that the thermal equilibrium concentration of negatively charged group III vacancies increases as the Fermi level or free electron concentration increase in a crystal, e.g., the equilibrium concentration of a triply negatively charged gallium vacancy in GaAs, V Ga 3Ϫ , is proportional to the cube of the electron concentration. 5 Thus, under thermal equilibrium conditions, the charged-vacancy concentration in the n ϩ layer is very high compared to the intrinsic case. In the growing emittercap surface layer, however, only a small amount of charged group III vacancies will be incorporated since the Fermi level at the surface is pinned close to the midgap. Therefore, as soon as further growth moves the Fermi level toward the conduction-band edge, a crystal is required to produce a high concentration of group III vacancies in order to satisfy thermal point-defect equilibrium. These vacancies are created by Frenkel pair formation together with neutral group III interstitials ͑ → V III ϩ I III ͒. The neutral interstitials produced are then present in supersaturation and diffuse partly to the growing surface and partly to the underlying base layer. The arrival of the neutral interstitials relieves the undersaturation of positively charged interstitials in the p ϩ base region and thereby enhance the formation of mobile Zn interstitials via the kick-out mechanism 6,7 ͑Zn III -ϩ I III 2ϩ → Zn i ϩ ͒. In conclusion, the n ϩ layer acts as a source of nonequilibrium neutral interstitials which create highly diffusive Zn interstitials in the p ϩ region. This article describes InP/InGaAs HBT growth techniques that are effective in suppressing the influence of the nonequilibrium group III interstitials in the n ϩ layers and is partly based on the results we reported in Refs. 8 and 9. We first show that when HBTs are grown at a low temperature ͑550°C͒, the buried n ϩ subcollector, and not the n ϩ cap layer, is the main cause of the Zn diffusion. 8 These findings are in contrast with the previous results 1-3 that the n ϩ cap layer is the main cause for the Zn diffusion while the n ϩ subcollector has only a small influence. We contend that, due to a large time constant for the recovery of thermal pointdefect equilibrium, the last-to-grow n ϩ cap layer cannot inject the excessive group III interstitials into the base region within the growth sequence at sufficiently low temperatures. Instead, the first-to-grow n ϩ subcollector produces the group III interstitials during the whole growth sequence even after subcollector formation. We elucidate the effectiveness of reducing temperatures in increasing the time constant for point-defect-equilibrium recovery. We also propose two ways to suppress the Zn diffusion due to the buried n ϩ subcollector. One is to interrupt the growth for a sufficiently a͒ Electronic mail: krsm@aecl.ntt.jp long time period before growing the base layer, and the other is to grow the subcollector at a higher temperature. These growth techniques are shown to be effective in purging the n ϩ subcollector of the undesirable nonequilibrium concentrations of group III interstitials.
II. EXPERIMENTAL PROCEDURE
All of the samples were grown on Fe-doped ͑001͒ InP substrates in a low-pressure ͑60 Torr͒ vertical MOVPE reactor. Source materials were trimethylindium ͑TMI͒, triethylgallium ͑TEG͒, arsine ͑AsH 3 ͒, phosphine ͑PH 3 ͒, disilane ͑Si 2 H 6 ͒, and dimethylzinc ͑DMZn͒. The V/III ratios of InP and InGaAs were 200 and 100, respectively, while the growth rates were 0.25 nm/s for InP and 0.5 nm/s for InGaAs. The growth temperature was monitored by a thermocouple positioned beneath the molybdenum susceptor. Judging from direct observation of the melting of an InSb chip ͑melting point ϭ 525°C͒ mounted on a Si wafer, the monitored temperature was about 5-10°C lower than the actual substrate temperature. Unless otherwise mentioned, the growth temperature ͑monitored value͒ used in the study was 550°C. This temperature is around 100°C lower than that for typical MOVPE growth of GaAs and AlGaAs using trimethylgallium ͑TMG͒ and trimethylaluminum ͑TMAl͒. For some samples, postgrowth annealing was performed at 550 and 650°C in the same MOVPE reactor. Surface morphology is specular for both as-grown and annealed samples.
It should be noted here that TMI and TEG decompose at much lower temperatures than TMG and TMAl. To our knowledge, the MOVPE growth of InP and InGaAs using TMI and TEG is mass-transport-limited even around 480°C. Thus, the growth temperature of 550°C does not adversely affect the material quality of InP/InGaAs structures. In fact, it has been reported that InP/InGaAs HBTs grown at 500°C exhibit good current-gain characteristics. 10 We investigated depth profiles by secondary ion mass spectrometry ͑SIMS͒ measurements using a Cs primary beam. The Zn and Si concentrations were calibrated by Hall measurements of InP and InGaAs reference samples uniformly doped at mid 10 18 cm Ϫ3 . We also fabricated devices from the HBT epiwafers and measured the base-emitter voltage V BE at a given emitter current density. The emitter injection efficiency is very sensitive to the relative locations of the InP/InGaAs heterojunction and the pn junction. This measurement is useful in checking for Zn diffusion especially when the Zn diffusion distance is less than SIMS resolution ͑ϳ10 nm͒. In the HBT fabrication, we employed selective wet etching using H 2 SO 4 :H 2 O 2 :H 2 O for InGaAs and HCl:H 2 O for InP layers. After forming double mesa structures, which have a 40 mϫ40 m emitter junction area, we made Ti/Pt/Au electrodes using lift-off techniques.
III. RESULTS AND DISCUSSION

A. Anomalous Zn diffusion during low-temperature growth
The Zn diffusion was investigated using the InP/InGaAs HBT structures shown in Fig. 1 . The carrier concentrations listed were determined by Hall measurements of 500-nmthick single-layer samples. As shown in Fig. 1 , the HBT has a lightly Si-doped InP emitter ͑nϭ7ϫ10 17 cm Ϫ3 ͒, a highly Zn-doped InGaAs base ( pϭ2ϫ10 19 cm Ϫ3 ), and a 5-nmthick undoped InGaAs spacer inserted between the emitter and base. Various doping levels n ϭ 0. 4 -4ϫ10 19 cm Ϫ3 were tested for the InGaAs cap and subcollector layers. much higher than the carrier concentrations, suggesting that the carrier concentrations are limited by compensation mechanisms. We observed that the relation between carrier concentration and Si 2 H 6 flow rate deviates from proportionality when the carrier concentration exceeds 2ϫ10 19 cm Ϫ3 . As clearly seen from Fig. 2 , significant broadening of the base width takes place. The Zn diffusion distance in the InGaAs collector is as large as 200 nm, which corresponds to a diffusion coefficient of more than 10 Ϫ13 cm 2 /s. This value is about two orders of magnitude larger than that in the undoped GaAs reported by Enquist et al. 11 Such anomalous Zn diffusion is most likely due to the n ϩ cap and subcollector layers, which act as sources of nonequilibrium neutral interstitials. From Fig. 2 , it is also apparent that Zn diffusion is suppressed in the highly n ϩ doped cap layers and large pile-up of Zn atoms is formed at the InP cap-emitter interface ͑although this strong pile-up might also be due to the heterojunction, or to SIMS artifacts͒. The suppression of Zn diffusion is attributed to the lack of holes in the n ϩ cap layer, which inhibits the transfer of Zn from substitutional to interstitial sites. As will be discussed in Sec. III B, neutral interstitials may be present in supersaturation in the n ϩ cap layer owing to slow point-defect-equilibrium recovery. However, even if this is the case, the driving force to shift the substitutional Zn to the interstitial sites is not produced because the concentration of positively charged interstitials is extremely low.
In order to elucidate which n ϩ layer is the main cause of the Zn diffusion, we investigated SIMS profiles of HBTs whose cap and subcollector are doped at either n ϭ 2ϫ10 19 cm Ϫ3 or 4ϫ10 18 cm Ϫ3 . Here, we used a lower doping level of n ϭ 2ϫ10 19 cm Ϫ3 for the n ϩ layers since the doping level of n ϭ 4ϫ10 19 cm Ϫ3 might be too high to determine the n ϩ layer responsible for the Zn diffusion. The results are shown in Fig. 3 . When the subcollector is moderately doped at n ϭ 4ϫ10 18 cm Ϫ3 , no serious Zn diffusion is observed even though the cap layer is highly doped at n ϭ 2ϫ10 19 cm Ϫ3 ͓Fig. 3͑a͔͒. The Zn depth profile indicates an abrupt turn on and turn off of Zn doping comparable to the case of the P depth profile. When the subcollector doping level is n ϭ 2ϫ10 19 cm Ϫ3 , however, considerable broadening of the base width is observed ͓Fig. 3͑b͔͒. The depth of the Zn diffusion in the InP emitter is about 40 nm, which is enough to seriously degrade HBT performance. These results indicate that the buried n ϩ subcollector and not the n ϩ cap layer is the main reason for the Zn diffusion, at least when the doping levels are n ϭ 2ϫ10 19 cm Ϫ3 . The base-emitter voltages V BE at current density J E ϭ 1 A/cm 2 for the HBTs fabricated from the epiwafers are listed in Table I . The measured V BE is around 0.45 V when the carrier concentration in the subcollector is less than 1ϫ10 19 cm Ϫ3 . Based on the thermionic-diffusion model 12 and taking band-gap narrowing 13 in the base into account, V BE is theoretically calculated to be 0.43 V when the 5-nmthick spacer is ideally i type, and 0.55 V when the spacer is converted to p ϩ type ͑or, when no spacer layer is incorporated͒. We thus believe that in these HBTs, a pn junction is definitely formed inside the 5-nm-thick undoped spacer; the intrinsic Zn diffusion during growth is indeed negligible.
When the carrier concentration in the subcollector exceeds 2ϫ10 19 cm Ϫ3 , V BE increases up to 0.83 V. This anomalously high V BE indicates a complete shift of the pn junction into the wide-gap InP, which is consistent with the SIMS analysis.
B. Time constant for point-defect generation and migration
According to previous investigations based on AlGaAs layer and subcollector doping has only a small influence. In this study, in contrast, the main cause is high n ϩ doping in the subcollector and cap layer doping has a much smaller impact. The major difference between the present study and previous investigations [1] [2] [3] is the growth temperature; the growth temperature used here is around 100°C lower. We therefore speculate that the low growth temperature of 550°C slows down Frenkel defect formation in the n ϩ layers and the migration of the generated interstitials into the Zn-doped base region. That is, due to the large time constant for the recovery of thermal point-defect equilibrium, the n ϩ cap layer cannot inject the excessive group III interstitials into the base region within the cap-layer growth sequence ͑less than 10 min͒. In contrast, the n ϩ subcollector produces the excess group III interstitials during the whole growth sequence ͑45 min͒ even after subcollector formation.
In order to investigate the time constant for point-defectequilibrium recovery as a function of temperature, we prepared the HBT-like structures shown in Fig. 4 . The structures consist of a 200-nm-thick InGaAs cap layer Si doped at n ϭ 3ϫ10 19 cm Ϫ3 and a 100-nm-thick Zn-doped spike sandwiched between 400-nm-thick undoped InGaAs layers. After epitaxial growth, these samples were annealed under arsine ambience at 550 and 650°C for various periods of time. We then evaluated the time constant by checking for Zn diffusion in the structures.
Zn depth profiles in the structures annealed at 650°C for 10 and 20 min are shown in Fig. 5͑a͒ . The Zn depth profiles are considerably broader in the annealed samples, while a well-defined Zn profile is obtained in the as-grown sample. It is also observed that the Zn diffusion is suppressed in the   FIG. 4 . HBT-like structures. The carrier concentrations listed were determined from Hall measurements of 500-nm-thick single-layer samples. Fig. 4 annealed under arsine ambience. The annealing temperatures are ͑a͒ 650°C and ͑b͒ 550°C. SIMS profiles in the as-grown sample are also shown for comparison. n ϩ cap layer, due to the lack of holes in the n ϩ region. Although not shown in Fig. 5 , postgrowth annealing under the same conditions does not cause any noticeable Zn diffusion when the cap layer is undoped. Therefore, the Zn diffusion shown in Fig. 5͑a͒ is essentially caused by neutral interstitials that are injected from the n ϩ cap layer during postgrowth annealing. Noteworthy is that the two annealed samples exhibit similar Zn redistribution profiles, independent of annealing time. This indicates that the redistribution of Zn dopants is almost completed within the first 10 min of the postgrowth annealing; that is, thermal point-defect equilibrium in the n ϩ cap layer is attained within only 10 min at 650°C. SIMS profiles in the structures annealed at 550°C are shown in Fig. 5͑b͒ . While little Zn diffusion is observed in the sample annealed for 20 min, remarkable Zn diffusion takes place when the sample is annealed for 60 min. These results mean that a large number of Frenkel defects are generated in the n ϩ cap layer if the point-defect equilibrium is attained, but a long time period ͑more than 20 min͒ is required for attaining the equilibrium at 550°C. This long time constant supports our claim that the last-to-grow n ϩ cap layer has little influence on the Zn diffusion when the growth temperature is 550°C.
FIG. 5. Zn profiles in the structures in
It is interesting to compare the point-defect migration speed and the epitaxial growth rate. From the results mentioned above, generated group III interstitials diffuse more than 400 nm within only 10 min at 650°C. This migration speed is much faster than the InGaAs growth rate ͑300 nm every 10 min͒. Thus, when n ϩ InGaAs is grown at 650°C, generated group III interstitials immediately diffuse to the growing crystal surface and are then captured. At 550°C, in contrast, it takes more than 20 min for the point defects to be generated and to diffuse 400 nm. Under this condition, the group III interstitials never reach the crystal surface unless growth is interrupted. This explains well why the n ϩ subcollector causes Zn diffusion at low growth temperatures.
C. Effect of growth interruption before base formation
In order to prevent enhanced Zn diffusion due to the n ϩ subcollector, it is essential to purge the n ϩ subcollector of undesirable nonequilibrium interstitials before growing a Zn-doped base layer. For this purpose, it should be effective to interrupt the growth for a sufficiently long period of time before base-layer formation. During growth interruption, excess group III interstitials are expected to have been fully generated and diffused partly to the crystal surface and partly deep into the bulk of the crystal.
To confirm the interruption effect, we grew HBT structures as in Fig. 1 with cap and subcollector doping levels of n ϭ 2ϫ10 19 cm Ϫ3 . Here, growth was interrupted either at the base-collector ͑B-C͒ interface for 30 min or at the collectorsubcollector ͑C-SC͒ interface for 15 or 30 min. SIMS profiles for the HBT structure grown with 30 min interruption at the B-C interface are shown in Fig. 6 . The Zn diffusion into the InP emitter is apparently reduced, indicating the intended effect of the growth interruption. Table II lists the baseemitter voltages, V BE of the fabricated devices. Table II also shows the two reference samples grown with no interruption; one sample ͑wafer A͒ exhibits normal V BE indicating very little Zn diffusion because of a sufficiently low doping level in the subcollector, and the other ͑wafer D͒ shows anomalously high V BE because of high subcollector doping. Judging from the values of V BE ͑wafers F, G, and H͒, one can recognize that interrupting the growth just after subcollector formation more effectively suppresses Zn diffusion, and that more than 30 min is required to completely purge the n ϩ subcollector at 550°C.
D. Effect of high-temperature growth of the subcollector
Another possible way to suppress enhanced Zn diffusion is to grow the n ϩ subcollector at a higher growth temperature and thereby speed up the point-defect generation and migration. As was shown in Sec. III B, point-defect migration in InGaAs becomes much faster than the epitaxial growth rate when the temperature is increased to 650°C. Figure 7 and Table III , respectively, show SIMS profiles and base-emitter voltages for HBTs whose subcollector and collector layers were grown either at 600 or 650°C. Since Si incorporation efficiency strongly depends on the growth temperature, we carefully adjusted the Si 2 H 6 flow rate so that the subcollector doping level is n ϭ 2ϫ10 19 cm Ϫ3 . The other layers ͑base, emitter, spacer, and cap layers͒ were subsequently grown at 550°C in order to avoid the influence of the n ϩ cap layer. The period for lowering the temperature was 5 min. As shown in Fig. 7͑a͒ , Zn diffusion into the InP emitter is reduced markedly when the subcollector is grown at 600°C. The V BE of this sample ͑wafer I͒ is smaller than that of the reference sample grown at 550°C ͑wafer D͒, though V BE is still somewhat larger than the ideal value ͑wa-fer A͒. These results indicate the expected fast point-defect- equilibrium recovery at higher growth temperature. One may expect that when the subcollector is grown at the higher temperature of 650°C, the Zn diffusion will be more suppressed. However, marked Zn diffusion occurs as shown in Fig. 7͑b͒ . The fabricated devices ͑wafer J͒ also show anomalously high V BE , indicating a complete shift of a pn junction. This unexpected result suggests that another kind of point-defect reaction happens during the growth sequence. Recently, Tan et al. 14 calculated the thermal equilibrium concentration of charged gallium vacancies in n-type GaAs as a function of temperature. They showed that under high n-type doping conditions, thermal equilibrium concentration of a triply charged vacancy V Ga 3Ϫ is either unchanged or even slightly increased as temperature is lowered. This is because the free energy decrease h e due to the annihilation of free electrons in forming V Ga 3Ϫ is more than enough to compensate for the V Ga 3Ϫ configurational enthalpy h c . ͑Here, it should be noted that the vacancy formation activation energy h A is expressed as h A ϭ h c Ϫ h e ; if h e Ͼ h c holds, h A becomes negative.͒ Assuming n ϩ InGaAs also exhibits a negative temperature dependence of the vacancy concentration, we can explain the Zn diffusion in Fig. 7͑b͒ as follows. When the subcollector was grown at 650°C, the point-defect equilibrium in the n ϩ subcollector was rapidly attained during subcollector growth. However, as the temperature was decreased from 650 to 550°C after collector formation, the equilibrium concentration of charged vacancies was increased due to the negative temperature dependence. Thus, the crystal was again required to produce Frenkel defects in order to satisfy the equilibrium. As a result, excess interstitials were generated and migrated toward the crystal surface when the temperature was lowered and also when the base, emitter, and cap layers were subsequently grown at 550°C.
When the subcollector was grown at 600°C, the crystal was also required to produce Frenkel defects when the temperature was lowered from 600 to 550°C. However, the amount of Frenkel defects required was smaller because of the smaller change in the temperature. Thus, Zn diffusion was not so significant in this case. As can be seen from Table  III , slight Zn diffusion takes place in the HBT sample whose subcollector was grown at 600°C. This slight Zn diffusion may also be ascribed to the Frenkel defects that were generated when the temperature was lowered.
IV. CONCLUSIONS
We have discussed growth techniques for suppressing the influence of highly n ϩ doped cap and subcollector layers on Zn diffusion in InP/InGaAs HBT structures based on Deppe's model. To suppress the influence of the n ϩ cap layer ͑grown after the Zn-doped base͒, low-temperature growth is effective in terms of increasing the time constant required to attain thermal point-defect equilibrium. We have confirmed that the n ϩ cap layer doped at n ϭ 2ϫ10 19 cm Ϫ3 has no clearly noticeable impact on Zn diffusion when HBTs are grown at 550°C. Under this growth condition, the time constant for point-defect-equilibrium recovery becomes longer; in the same range as typical HBT growth times.
Though the n ϩ cap layer does not affect Zn diffusion during growth, the n ϩ cap layer might act as a kind of excess point-defect ''time-bomb'' in terms of generating the undesirable group III interstitials during further subsequent device processing. In fact, as shown in Sec. III B, postgrowth annealing reactivates the Frenkel defect generation in the n ϩ cap layer and causes anomalous Zn diffusion in the Zndoped region. To prevent this effect, one has to be careful to avoid high-temperature treatment in the subsequent device fabrication process.
To suppress the influence of the n ϩ subcollector ͑grown before the Zn-doped base͒, it is essential to attain pointdefect equilibrium before growing the base layer. For this purpose, interrupting the growth before base-layer formation is very useful. We have completely suppressed Zn diffusion by interrupting the growth for 30 min just after subcollector formation. We have also proposed growing the subcollector at a higher temperature in order to enhance point-defectequilibrium recovery. In this case, however, the results show complicated point-defect behavior. The Zn diffusion is reduced when the subcollector is grown at 600°C, but the Zn dopants diffuse markedly when the subcollector is grown at 650°C. It appears that Frenkel defects are generated again in the subcollector when the growth temperature is lowered to 550°C after subcollector formation. This undesirable pointdefect reaction possibly cancels out the positive effect of high-temperature subcollector growth, partly or even completely. Therefore, either a 30 min growth interruption after subcollector growth at 550°C and/or a subcollector growth temperature of 600°C is recommended for an efficient suppression of anomalous Zn diffusion in the base layers of InP/InGaAs HBT structures. 
